Heterotrimers composed of B cell CLL/lymphoma 10 (BCL10), mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALT1), and caspase recruitment domaincontaining (CARD) family adaptors play a role in NF-kB activation and have been shown to be involved in both the innate and the adaptive arms of immunity in murine models. Moreover, individuals with inherited defects of MALT1, CARD9, and CARD11 present with immunological and clinical phenotypes. Here, we characterized a case of autosomalrecessive, complete BCL10 deficiency in a child with a broad immunodeficiency, including defects of both hematopoietic and nonhematopoietic immunity. The patient died at 3 years of age and was homozygous for a loss-of-expression, loss-of-function BCL10 mutation. The effect of BCL10 deficiency was dependent on the signaling pathway, and, for some pathways, the cell type affected. Despite the noted similarities to BCL10 deficiency in mice, including a deficient adaptive immune response, human BCL10 deficiency in this patient resulted in a number of specific features within cell populations. Treatment of the patient's myeloid cells with a variety of pathogen-associated molecular pattern molecules (PAMPs) elicited a normal response; however, NF-kB-mediated fibroblast functions were dramatically impaired. The results of this study indicate that inherited BCL10 deficiency should be considered in patients with combined immunodeficiency with B cell, T cell, and fibroblast defects.
Introduction
Combined immunodeficiency (CID) is a group of phenotypically heterogeneous genetic disorders characterized by severe recurrent infections, with normal numbers or an absence of T and B lymphocytes and impaired cellular and humoral immunity. Up to 40 mutations in different genes have been found to cause these conditions (1) (2) (3) , and 2 subgroups of CID have been defined: severe combined immunodeficiency (SCID) (4) and CID, which is generally less profound than SCID (5) . SCID is characterized by a lack of autologous T cells, whereas CID patients have T cells. Patients with CID generally have disease of too low a clinical severity to qualify as SCID. Unfortunately, it is not always easy to distinguish between these conditions, and it can therefore be difficult to assess prognosis. Inborn defects of the CBM complex -consisting of caspase recruitment domain-containing (CARD) family adaptors, B cell CLL/lymphoma 10 (BCL10), and mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALT1) -have recently been shown to underlie SCID, CID, and other immunological phenotypes (6) (7) (8) (9) (10) . The CBM complex is involved in NF-κB activation after stimulation of various receptors on lymphoid, myeloid, and epithelial cells (11) (12) (13) . Deficiencies in MALT1 and CARD11 (also known as CARMA1) are associated with CID and SCID, respectively, and CARD9 deficiency has been shown to compromise innate immunity to a small number of fungi in a selective manner (6) (7) (8) (9) (10) . Here, our investigations of a child with CID revealed inherited BCL10 deficiency. The broad phenotype of innate, adaptive, and nonhematopoietic immunodeficiency found in this patient highlights the nonredundant role of human BCL10.
Results
Homozygous BCL10 mutation in a patient with CID. We investigated an Amerindian boy from Ecuador (patient 1; P1) born to consanguineous parents ( Figure 1A ). This child was initially thought to have a potential defect in class switch recombination, but known genetic etiologies of hyper-IgM syndrome were excluded.
Heterotrimers composed of B cell CLL/lymphoma 10 (BCL10), mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALT1), and caspase recruitment domain-containing (CARD) family adaptors play a role in NF-κB activation and have been shown to be involved in both the innate and the adaptive arms of immunity in murine models. Moreover, individuals with inherited defects of MALT1, CARD9, and CARD11 present with immunological and clinical phenotypes. Here, we characterized a case of autosomal-recessive, complete BCL10 deficiency in a child with a broad immunodeficiency, including defects of both hematopoietic and nonhematopoietic immunity. The patient died at 3 years of age and was homozygous for a loss-of-expression, loss-of-function BCL10 mutation. The effect of BCL10 deficiency was dependent on the signaling pathway, and, for some pathways, the cell type affected. Despite the noted similarities to BCL10 deficiency in mice, including a deficient adaptive immune response, human BCL10 deficiency in this patient resulted in a number of specific features within cell populations. Treatment of the patient's myeloid cells with a variety of pathogen-associated molecular pattern molecules (PAMPs) elicited a normal response; however, NF-κB-mediated fibroblast functions were dramatically impaired. The results of this study indicate that inherited BCL10 deficiency should be considered in patients with combined immunodeficiency with B cell, T cell, and fibroblast defects. mutation (G/A) was found, affecting the first G residue of intron 1 of BCL10, in genomic DNA extracted from leukocytes. This mutation occurred at nucleotide position 85741978 (g.85741978C>T), the invariant first nucleotide of intron 1, involved in the donor site for splicing. The parents were heterozygous for this mutation (Supplemental Figure 1A) . This variant was validated by Sanger sequencing of genomic DNA from peripheral leukocytes and human T lymphotropic virus-1-transformed T cells (referred to herein as HTLV-1 T cells) ( Figure 1B) . No other mutations were found in the coding region of BCL10. These data suggested that a homozygous germline splice site mutation (g.85741978C>T; IVS1+1G>A) of BCL10 may be responsible for the novel autosomal-recessive form of CID in P1.
Lack of BCL10 in cells from P1. We then assessed mRNA and protein levels of BCL10 in cells from P1. RT-PCR detected no full-length BCL10 mRNA in T cell blasts obtained by phytohemagglutinin (PHA) treatment or in HTLV-1 T cells of P1 ( Figure 2A ). In both cell types, a weak signal was obtained for 2 mRNA products of higher MW ( Figure 2A and Supplemental Figure  1B ). These 2 products were cloned and sequenced (Supplemental Figure 1 , B and C). They corresponded to alternative splicing products generated through the use of 2 alternative donor sites (Supplemental Figure 1C ). Neither of these products could encode a protein with the correct WT sequence. Instead, both the alternatively spliced forms theoretically encoded a small protein with a different amino acid sequence (Supplemental Figure 1D) . No BCL10 protein was detected on Western blots of PHA-treated T cell blasts, peripheral blood mononuclear cells (PBMCs), monocyte-derived DCs (MDDCs), HTLV-1 T cells, and primary fibroblasts from P1 ( Figure  2B , Supplemental Figure 2 , and see below). Thus, the BCL10 mutation of P1 resulted in an absence of WT BCL10 protein and mRNA in the various cell types analyzed. Therefore, P1 has autosomalrecessive complete BCL10 deficiency.
Effect of human BCL10 deficiency on myeloid cells. BCL10 has been implicated in various immune pathways involving both the innate and the adaptive immune systems. BCL10 forms heterotrimers with different CARD proteins in different cell types. In myeloid cells, the CARD9-BCL10-MALT1 complex is involved in NF-κB signaling (12) . We first analyzed the role of BCL10 in myeloid cells. BCL10 has been implicated in the response to bacterial and fungal infections. Previous studies have shown that the TLR4, TLR2/6, and Dectin-1 pathways are BCL10 dependent in mouse myeloid cells (18) (19) (20) (21) . We investigated these pathways in cells from P1 by analyzing cytokine production after stimulation of TLR1/2, TLR4, TLR2/6, and Dectin-1 with Pam3CSK4, LPS, zymosan, and curdlan, respectively, in monocyte-derived macrophages (MDMs) and MDDCs. Because cytokine production varies between subjects, we therefore analyzed the raw data and carried out statistical analysis for up to 10 healthy donors. Analysis of the raw data indicated that P1 produced amounts of inflammatory cytokines similar to those of controls in response to stimulation, with cytokine production levels within the range observed for the controls (Figure 3 , A, D, G, J, and Supplemental Figure 3 ). Box-plot transformation showed that the distribution of cytokine levels for P1 was not different from that for healthy donors (Figure 3 , B, E, H, and K). Moreover, using a generalized estimating equation (GEE) model, we estimated mean cytokine production levels and P1 was subsequently diagnosed with probable genetically undefined CID (Table 1 and Supplemental Note 1; supplemental material available online with this article; doi:10.1172/JCI77493DS1). Whole-exome sequencing (WES) was performed on genomic DNA extracted from whole blood from P1 and both parents by the New York Genome Center, using an Illumina HiSeq 2500 machine and an Agilent 71Mb SureSelect exome kit. The reads were aligned with the human reference genome using a BWA aligner (14) , then recalibrated and annotated with GATK (15), PICARD (http://picard.sourceforge.net/), and ANNOVAR (16) . The variants were then filtered and investigated with our in-house online server. Given the consanguinity of the family, we suspected a defect with autosomal-recessive inheritance. The first filter, therefore, selected mutations present in a heterozygous state in the parents and a homozygous state in P1, identifying an initial group of 1,171 variants. We then focused on the variants with >5 reads, high-quality mapping and sequencing, and <1% frequency in the 1000 Genomes and NHLBI exome variant server (EVS) and excluded the synonymous variations. This resulted in a final set of 33 variants of 28 different genes. BCL10, HLA-DQA1, and HLA-DQB1 were the only genes from this set known to be related to the immune system. We focused on the mutation of BCL10, on chromosome 1, because this mutation altered an essential splicing sequence, and a defect of this gene was entirely consistent with the clinical phenotype of P1. In addition, the other 2 genes are known to be highly polymorphic, and the mutations of these genes were predicted to be benign by Polyphen-2 (http://genetics. bwh.harvard.edu/pph2/), which predicts the effect of an amino acid substitution on the structure and function of human proteins. BCL10 ranked very highly in the human gene connectomes of MALT1, CARD11, and CARD9 (17) . A homozygous splice site . The response to these stimuli was impaired in cells from P1 ( Figure 4B ). TLR3 stimulation led to the production of IL-6 and IL-8 cytokines, but this process was NF-κB independent in P1 cells, because the NF-κB p65 subunit was not detected in the nucleus after TLR3 stimulation. Transfection of primary fibroblasts from P1 with a WT BCL10 construct rescued BCL10 expression, whereas no expression was detected after transfection with the empty vector ( Figure 4C ). Transfection with various amounts of the WT BCL10 construct activated the constitutive production of IL-6 and IL-8 and led to accumulation of the NF-κB p65 subunit in the nucleus ( Figure 4D and Supplemental Figure 5 ). Our results are consistent with prior observations for MALT lymphomas, in which a chromosomal translocation generates BCL10 overproduction and constitutive NF-κB activation (27) (28) (29) . Thus, TLR4, TLR2/6, and Dectin-1 responses were found to depend on BCL10 in human fibroblasts. Effect of BCL10 deficiency on the adaptive immune response. BCL10 also plays a role in adaptive immune cells, in which it forms the CARD11-BCL10-MALT1 heterotrimer. Mouse BCL10 has been implicated in NF-κB activation in response to BCR and TCR stimulation (11, (30) (31) (32) (33) (34) . Thus, we next analyzed adaptive immune responses in P1. A detailed flow cytometry study of different T and B cell subpopulations revealed a profound deficit of memory T and B cells (Table 2 and Supplemental Figure 6 ). The number of CD4 + central memory T cells and CD4 + regulatory T cells was much less in P1 than in age-matched healthy controls (Table 2) . Overall, 97.1% of the B cells present were naive (Table 2) , consistent with the profound hypogammaglobulinemia observed in P1 (Supplemental Figure 7) . We next activated PBMCs and assessed T cell proliferation by CFSE incorporation. The T cells of P1 responded to PHA, concanavalin A (ConA), and lectin from Phytolacca americana confidence intervals for each stimulus (Figure 3 , C, F, I, and L). The confidence interval obtained was larger for stimuli inducing production of large amounts of cytokines. MDMs produced larger amounts of cytokines after stimulation than in the absence of stimulation (medium), whereas MDDCs displayed a smaller difference in cytokine production between stimulation and nonstimulation conditions. Thus, we found no significant differences between healthy donors and P1, and absolute levels of cytokine production (particularly for MDMs) showed that the response of P1 to the stimuli tested was normal. We concluded that human myeloid cells lacking BCL10 display no impairment of cytokine production in response to TLR1/2, TLR4, TLR2/6, and Dectin-1 stimulation. Moreover, BCL10 did not seem to be required for myeloid responses to bacterial and fungal components, possibly due to other molecules compensating for its absence.
Effect of human BCL10 deficiency on fibroblasts. In fibroblasts, a heterotrimer consisting of CARD10 (also known as CARMA3), BCL10, and MALT1 forms. Many studies have on epithelial cells (such as human colonic epithelial cells) in which BCL10 was silenced, and in intestinal cells from Bcl10 -/-mice, have demonstrated that the TLR4 response is BCL10 dependent (22) (23) (24) (25) (26) . We therefore analyzed the effect of BCL10 deficiency in primary fibroblasts from P1, which we compared with cells from healthy donors, by measuring the production of IL-6 and IL-8 in response to TLR4, TLR2/6, Dectin-1, and TLR3 stimulation ( Figure 4A ). As expected, TLR3 signaling was BCL10 independent, but the TLR4, TLR2/6, and Dectin-1 signaling pathways were abolished in P1 cells. Similar abolition of these pathways was observed with both LPS and synthetic monophosphoryl lipid A (MPLA), a TLR4-specific agonist (Supplemental Figure 4) . We investigated the involvement of NF-κB signaling in this process by measuring accumulation of the NF-κB p65 subunit in the nucleus in response to mouse strains used, and human variability could reflect individual genetic and epigenetic factors. Moreover, this result was consistent with the clinical phenotype of P1, who displayed no impairment of defenses against fungal infection (Supplemental Note 1 and Table 1 ), unlike patients with inherited CARD9 deficiency (7, 9) . IL-8 production has been analyzed in epithelial cells. In both human colonic epithelial cells with a silenced BCL10 gene and the intestinal tissue of Bcl10 -/-mice, it has been shown that the TLR4 response is BCL10 dependent. However, other studies have shown that TLR4 signaling may follow both BCL10-dependent and -independent pathways (22) (23) (24) (25) (26) . Although we did not test epithelial cells from P1, the results we obtained for fibroblasts were consistent with those of previous studies on epithelial cells (36) , which indicates that the TLR4 response is BCL10 dependent and IKKB dependent in human fibroblasts. We showed here that the TLR4, TLR2/6, and Dectin-1 signaling pathways were BCL10 dependent in this cell type (Table 3 and Figure 6 ). Prior studies of adaptive immunity in Bcl10 -/-mice have shown that the early development of B cells in the bone marrow is normal in these mice, but that they have reduced levels of mature B cells in the peripheral blood (34) . Our findings for human BCL10 deficiency showed that 97.1% of the B cell population consisted of naive cells. In Bcl10 -/-mice, double-positive thymocytes differentiate to (pokeweed) (PWM), but not to anti-CD3/CD28 antibody ( Figure 5 and Supplemental Figure 8 ). The T cell response was normal in the patient's heterozygous parents. Finally, we analyzed the upregulation of CD40L, CD69, inducible T cell costimulator (ICOS), and CD25 in CD4 + T cells after CD3/CD28 stimulation (Supplemental Figure 9 ). Compared with healthy controls, P1 CD40L percentages were within the normal range, CD69 and CD25 percentages were slightly lower than normal, and ICOS levels were lower. These findings indicate that BCL10 deficiency affects the final maturation of T and B cells into memory cells, but not the development of naive T and B cells. T cell proliferation was also found to be blocked after TCR stimulation in vitro. These results were consistent with those of studies performed in Bcl10 -/-mice.
Discussion
We have identified a patient with autosomal-recessive, complete BCL10 deficiency, which can be considered to be a CID. The patient's sister, who died from infection at the age of 6 months, probably suffered from the same defect. This present study illustrates the interest of genetic studies in single patients (35) . In previous studies on myeloid cells comparing human and mouse BCL10 defects through the silencing of BCL10 (Table 3) , human DCs were found to require BCL10 for the production of IL-1β and IL-6 in response to Dectin-1 stimulation, and mouse macrophages were found to be dependent on BCL10 for TLR4 responses (19, 20) . Furthermore, mouse Bcl10 -/-DCs respond poorly to zymosan in terms of TNF-α and IL-10 production (18) . Other studies on mouse macrophages have shown that the Dectin-1 pathway activates NF-κB via SYK-CARD9-BCL10 (21) . At odds with these findings, we found here that human myeloid cells were not affected by BCL10 deficiency in terms of TLR1/2, TLR4, TLR2/6, and Dectin-1 signaling (Table 3 and Figure 6 ). These observed differences between mice and humans could be due to the inbred inflammatory diseases, such as inflammatory bowel disease (37) . The absence of regulatory T cells may have contributed to the inflammatory chronic colitis observed in P1. Mutations of human genes encoding partner proteins of BCL10, such as MALT1 (6), CARD11 (8, 10) , and CARD9 (7, 9) , have also recently been described. Interestingly, the clinical and immunological phenotypes of patients with these mutations differ from those of P1 with BCL10 deficiency. Human MALT1 deficiency has been described in 2 patients with CID. These patients had give normal total numbers of total CD4 + and CD8 + cells, expressing TCR α-β/CD3 complexes in normal amounts (33) . This was consistent with our findings for human BCL10 deficiency, as P1 had a normal total number of T cells despite the absence of memory T cells. In line with the findings for Bcl10 -/-mice (11, 30-32), we also observed an impairment of T cell proliferation after TCR stimulation (Table 3 and Figure 6 ). Finally, regulatory T cells have been reported to be important for the maintenance of intestinal self tolerance, and these cells have been implicated in chronic impaired T cell proliferation and NF-κB signaling, yet surprisingly, unlike P1, they had normal numbers of CD4 + memory T cells for their age (6) . CARD11 deficiency has been described in 2 patients with SCID. Like P1, the affected patients had T and B cells predominantly of the naive phenotype, and there was a profound defect of T cell function, with an impairment of ICOS expression and agammaglobulinemia (8, 10) . CARD9 deficiency differs from the condition presented by P1, because it compromises host defense against a few fungi, but with no detectable T or B cell phenotype (7, 9) . Finally, BCL10 overproduction has been implicated in MALT lymphoma (28, 38, 39) , and several studies investigating possible treatments have attempted to inhibit expression of the CBM complex (40) . We found that lymphocytes and fibroblasts were dependent on BCL10, whereas myeloid cells were not. This finding is highly pertinent and must be taken into account when considering treatment options for MALT lymphoma, because BCL10 inhibition may have consequences for lymphocytes and nonhematopoietic cells.
Methods
Human molecular genetics and WES. Genomic DNA was extracted from whole blood and HTLV-1 T cells with a kit (Qiagen GmbH) according to the manufacturer's instructions.
Exome sequencing was performed by the New York Genome Center on genomic DNA from whole blood using an Illumina HiSeq 2500 machine and an Agilent 71Mb SureSelect exome kit. The reads were aligned with the human reference genome using a BWA aligner (14) , then recalibrated and annotated with GATK (15), PICARD (http://picard.sourceforge. net/), and ANNOVAR (16) . The variants were then filtered and investigated using our in-house online server (41, 42) . Data were deposited in ArrayExpress (accession no. E-MTAB-2962).
The results of exome sequencing were validated by PCR/sequencing analysis on genomic DNA from whole blood and HTLV-1 T cells. PCR was carried out with PCR Master Mix (Promega) and the GeneAmp 9700 PCR System (Applied Biosystems). The primer sequences used for the genomic coding region of BCL10 were as follows: forward 1, TCCTCTCCTTCTTCCCCATT; forward 2, GCCTGAGCCTCCTGACTTTA; forward 3, GATTTGAAATAGAT-TATGACGGAAA; reverse 1, AGCTCTGCGTTTAGCGATGT; reverse 2, GGCTGGTCTCAAAACTCCTG; reverse 3, AAACAAATGATTA-CAGCCATTTTA. The PCR products were purified with the QIAquick gel extraction kit (Qiagen) and sequenced with the BigDye Terminator Cycle Sequencing Kit (Applied Biosystems). Sequencing products were purified by precipitation in 70% ethanol, and sequences were analyzed with an ABI Prism 3700 apparatus (Applied Biosystems). with 10% fetal calf serum (FCS) (Invitrogen), 0.4% v/v phytohemagglutinin (PHA) (Invitrogen), and 100 U/ml recombinant IL-2 (Adesleukine, Novartis).
Primary human fibroblasts were obtained from biopsy specimens from P1 or healthy controls and were cultured in DMEM (Invitrogen) supplemented with 10% FCS. For cytokine production experiments, primary fibroblasts were activated in 24-well plates at a density of 2 × 10 5 cells/ml for 24 hours. For fluorescence experiments, primary fibroblasts were activated at a density of 75,000 cells/ml in glass tissue culture slides (BD Falcon). HTLV-1 T cell lines were obtained from patients and normal donors as previously described (43) . HTLV-1 T cells were cultured in RPMI medium supplemented with 10% FCS and 100 U/ml recombinant IL-2.
For differentiation and culture of MDDCs, PBMCs freshly isolated by Ficoll-Hypaque density gradient centrifugation from healthy controls and patients were incubated in RPMI 1640 supplemented with 10% FCS in cell culture flasks for 1 hour at 37°C under an atmosphere containing 5% CO 2 . The adherent cells (monocytes) were cultured for 8 days in RPMI 1640 supplemented with 10% FCS in the presence of GM-CSF (50 ng/ml; R&D Systems) and IL-4 (10 ng/ml; R&D Systems). The differentiation and purity of these cells were confirmed by staining with PE-conjugated anti-CD1a (BD Biosciences), FITC-conjugated anti-CD14 (BD), or PE-or FITC-conjugated anti-mouse IgG1 isotype control (BD) antibodies. Cloning of WT and mutant BCL10. The full-length WT BCL10 cDNA and its 2 splice variants were amplified from cDNA generated from PHA T cell blasts from a healthy individual or P1. Regular PCR was performed with the following primers: forward, ATGGAGCCCACCGCACCGTCCCTCACCG; reverse, CATT-GTCGTGAAACAGTACGTGATCTTAAGGG. The products were TA-cloned into a pcDNA3.1/V5-His plasmid (Invitrogen) according to the manufacturer's protocol.
Determination of mRNA levels by RT-PCR. RNA was extracted from HTLV-1 T cells and T cell blasts with a Simply RNA kit (Promega). RNA was reverse transcribed directly using Oligo-dT (Invitrogen). PCR was carried out with PCR Master Mix (Promega) and the 10 μg/ml; Sigma-Aldrich), curdlan (Dectin-1 agonist; 100 μg/ml; Invivogen), or MPLA Synthetic (10 ng/ml; Invivogen). Cell supernatants were recovered, and their cytokine concentrations were determined by cytometric bead array (CBA). We measured the proliferative response of T cells by CFSE after stimulation with PHA (0.4% v/v; Invitrogen), human T activator CD3/ CD28 (0.4 × 10 6 beads/ml; Dynal, Invitrogen), ConA (0.4% v/v; GE Healthcare), or lectin from PWM (2 μg/ml; Sigma-Aldrich). For measurement of NF-κB activation, fibroblasts were stimulated for 1 hour with the aforementioned concentrations of LPS, zymosan, and poly(I:C) at a concentration of 0.2 × 10 6 cells/ml in DMEM containing 2% FCS. Cytokine determinations and signal transduction studies. Production of IL-6, IL-8, IL-10, IL-1β, and TNF-α was assessed with the CBA-human inflammatory cytokine kit (BD) according to the manufacturer's instructions. Analysis was performed with FCAP Array software (BD).
Cell nuclear extracts were prepared from primary fibroblasts with or without stimulation for 1 hour. NF-κB ELISA (Active Motif) was carried out according to the manufacturer's instructions.
Transient transfections. Primary fibroblasts were transfected with a nucleofection device (Lonza) and an Amaxa cell line GeneAmp 9700 PCR System (Applied Biosystems). The primer sequences used for the cDNA coding region of BCL10 were as follows: forward, ATGGAGCCCACCGCACCGTCCCTCACCG; reverse, CATTGTCGTGAAACAGTACGTGATCTTAAGGG. The PCR products were subjected to electrophoresis in an agarose gel, with GAPDH used as the internal control.
Immunoblots. Total cell extracts were prepared from PBMCs, HTLV-1 T cells, PHA T cell blasts, MDDCs, and primary fibroblasts, either left untransfected or transfected by nucleofection with pcDNA3.1/V5-His TOPO-BCL10 or pcDNA3.1/V5-His TOPO. Equal amounts of protein from each sample were separated by SDS-PAGE and blotted onto iBlot Gel Transfer Stacks (Invitrogen). These nitrocellulose membranes were then probed with anti-BCL10 rabbit mAb (ab108328; Abcam), followed by a HRP-conjugated secondary anti-rabbit IgG antibody (Cell Signaling). Membranes were stripped and reprobed with anti-GAPDH antibody (Abcam) to control for protein loading. Antibody binding was detected by ECL (Amersham-Pharmacia-Biotech).
Stimulations. We assessed cytokine production following stimulation with Pam3CSK4 (TLR1/2 agonist; 1 μg/ml; Invivogen), poly(I:C) (TLR3 agonist; 25 μg/ml; Invivogen), E. coli K12 LPS (TLR4 agonist; 10 ng/ml; Invivogen), zymosan (TLR2/6 and Dectin-1 agonist; and APC-conjugated anti-CD25 (BD Biosciences). Analysis was carried out with gating for CD4 + T cells, and the percentage of T cells stimulated relative to the unstimulated control was calculated.
Statistics. All statistical analysis were 2-tailed, and P values less than 0.05 were considered significant. Data were analyzed with SAS 9.3 (SAS Institute Inc.) and R (http://www.R-project.org) software.
A Box-Cox transformation was performed to correct the bias in the error distribution for cytokine production. This transformation was achieved by applying a uniform random noise in cases of nonproduction using the jitter function of the R base package.
The variation of the transformed production between and within subjects was analyzed with an unconditional mix model. We also calculated the intraclass correlation coefficient (ICC) to obtain the percentage of the total variability explained by the variation between samples for each cytokine.
Due to the nature of the data and the use of repetitive measures, we estimated mean production in response to stimulation for each cytokine by the least squares method, using a GEE model, with the definition, in each case, of the working correlation matrix, with the Link function "log" and a negative binomial marginal distribution ("GENMOD" procedure of SAS). We calculated mean production for comparisons between stimuli by the least squares method, and Bonferroni adjustment was applied for multiple comparisons.
Study approval. The experimental protocol was approved by the ethics committee of La Paz University Hospital, and written informed consent was obtained from the family for participation in this study.
